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Abstract
Magnetocrystalline anisotropy (MCA) is one of the key parameters investigated in spin-based
electronics (spintronics), e.g. for memory applications. Here, we employ first-principles
calculations to study MCA in thin film full Heusler alloy Co2CrAl. This material was studied
in the past, and has been reported to exhibit half-metallic electronic structure in bulk geometry.
In our recent work, we showed that it retains a 100% spin-polarization in thin-film geometry,
at CrAl atomic surface termination. Here, we show that the same termination results in a
perpendicular magnetic anisotropy, while Co surface termination not only destroys the
half-metallicity, but also results in in-plane magnetization orientation. In addition, for films
thicker than around 20 nm the contribution from magnetic shape anisotropy may become
decisive, resulting in in-plane magnetization orientation. To the best of our knowledge, this is
one of the first reports of half-metallic thin-film surfaces with perpendicular magnetic
anisotropy. This result may be of interest for potential nano-device applications, and may
stimulate a further experimental study of this and similar materials.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetocrystalline anisotropy in magnetic thin films is one
of the most important parameters for applications in modern
spin-based electronics, e.g. for magnetic data storage [1–6].
In particular, MCA determines the orientation of magnetiza-
tion direction, and thermal stability of magnetic materials.
Perpendicular magnetic anisotropy (PMA) in thin films has
attracted particular attention for various device applications,
such as spin-transfer torque driven magnetization switching in
magnetoresistive random-accessmemory [7–9]. In addition to
magnetic field, various mechanisms have been suggested to

∗ Author to whom any correspondence should be addressed.

manipulate and control the magnetic anisotropy, such as elec-
tric field [10–13], mechanical strain [14, 15], applied voltage
[16–19], and ferroelectric switching [20, 21].

Among other materials that have been investigated for
PMA applications, Heusler alloys attracted particular atten-
tion, in part due to their high Curie temperature, and rela-
tive ease of fabrication. In particular, PMA has been reported
in thin-film Co2FeAl and Co2FeSi grown on MgO [22, 23].
In addition to potentially exhibiting surface/interface PMA,
Heusler compounds have been extensively studied as half-
metals, i.e. materials that are conducting for one spin chan-
nel, while insulating/semiconducting for the opposite spin
channel, which makes them 100% spin-polarized. In recent
years, many Heusler alloys have been suggested to exhibit a

1361-648X/20/105801+7$33.00 1 © 2020 IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-648X/abd052
https://orcid.org/0000-0001-7133-0718
https://orcid.org/0000-0002-2551-5954
mailto:pavel.lukashev@uni.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/abd052&domain=pdf&date_stamp=2020-12-23


J. Phys.: Condens. Matter 33 (2021) 105801 R Carlile et al

100% spin-polarization (SP), both experimentally and theo-
retically [24–32]. For practical applications, combining PMA
with half-metallicity in thin-film geometry could provide addi-
tional functionalities for spintronic devices. To the best of our
knowledge, this topic has not received sufficient attention so
far in the literature. In this paper, we address this issue by per-
forming a computational study of thin-film Co2CrAl. It will
be demonstrated that at CrAl surface termination, this material
may exhibit a robust PMA along with 100% SP.

The full Heusler compound Co2CrAl has been extensively
studied in the past, both experimentally and theoretically. The
first report dates back to early 1980s, when Buschow and
Engen showed that Co2CrAl crystallizes in cubic L21 struc-
ture, with ferromagnetic alignment, and a Curie temperature of
334 K [33]. This followed by a series of papers, which, among
other things, reported a half-metallic electronic structure of
this compound [34–40]. The magnetocrystalline anisotropy
of polycrystalline Co2CrAl sample was experimentally stud-
ied by Kourov et al [41]. In particular, they estimated the
MCA energy of the alloy as ∼5× 105 erg g−1. In addition,
the transport properties of this material have been studied by
many groups, mainly reporting the dependence of resistivity
on atomic disorder [42, 43]. We have also presented a some-
what extensive literature overviewof this material in our recent
publication, see reference [31].

In our recent work [31], we showed that Co2CrAl retains
a 100% SP in thin-film geometry at CrAl surface termina-
tion, while half-metallicity is destroyed at Co surface termi-
nation due to the emergence of minority-spin surface states at
the Fermi level. In addition, the half-metallic electronic struc-
ture of CrAl surface is retained for a wide range of both uni-
form pressure and biaxial strain. These properties make this
material very attractive for potential device applications. The
purpose of the current work is to analyze the MCA in thin-
film Co2CrAl, at both CrAl and Co surface terminations. It
will be shown that the CrAl termination not only results in a
robust half-metallicity, but also exhibits the PMA, unlike the
Co termination, which lacks both properties.

The rest of the paper is organized as follows. In section 2,
we outline the computational methods and techniques.
Section 3 presents our main results, and consists of three sub-
sections—the first sub-section presents a brief overview of
electronic, magnetic, and structural properties of Co2CrAl,
the second sub-section is focused on MCA energy calcula-
tions at equilibrium lattice parameters, while the third sub-
sections shows the response of MCA to external pressure
and strain. Section 4 contains a brief discussion for practi-
cal implementations and a summary of this work, followed by
acknowledgments and references.

2. Computational methods and techniques

We perform density functional calculations of thin-film
Co2CrAl full Heusler alloy, using the projector augmented-
wave method (PAW) [44], implemented in the Vienna ab initio
simulation package [45] within the generalized-gradient
approximation [46]. The integration method [47] with a
0.05 eV width of smearing is used. The cut-off energy of the

plane-waves is set to 500 eV. Structural optimization is per-
formed with the energy convergence criteria of 10−2 meV,
which results in the Hellmann–Feynman forces being less than
0.005 eV Å−1. The total energy and electronic structure calcu-
lations are performed with a stricter convergence criteria of
10−3 meV. The Brillouin zone integration is performed with
a k-point mesh of 16 × 16 × 1. Some of the results and
figures (such as the crystal structure visualization) are obtained
using the MedeA R© software environment [48]. Most of the
calculations are performed using Extreme Science and Engi-
neering Discovery Environment (XSEDE) resources located
at the Pittsburgh Supercomputing Center (PSC) [49], and the
resources of the Center for Functional Nanomaterials (CFN)
at Brookhaven National Laboratory (BNL).

The thin-film calculations are performed on a 64-atom stoi-
chiometric super-cell (four 16-atom unit cells stacked in (001)
direction) with asymmetrically terminated surfaces. A 20 Å
vacuum layer is imposed to avoid the overlap of the surface
wave functions. Periodic boundary condition is imposed for
all calculations.

The magnetocrystalline anisotropy energy (MAE) is esti-
mated as the difference of total energies calculated self-
consistently for the magnetization pointing along the x and
z directions (MAE = Ex − Ez) in the presence of spin–orbit
coupling (SOC). Thus, a positive MAE indicates out-of-plane
magnetization orientation, i.e. PMA, while a negative MAE
indicates in-plane magnetization. The convergence of MAE
with respect to the k-mesh was thoroughly tested, and a good
convergencewas achieved at the k-mesh of 16× 16× 1, which
was used to calculate the results presented below.

The site-projected contributions to MAE are calculated
by evaluating the expectation values for the SOC energies:
ESOC = 〈 �

2

2m2c2
1
r
dV
dr LS〉, where r is the distance in each atomic

sphere, V is the spherical part of the effective potential as
a function of r, and L and S are orbital and spin operators,
respectively [50, 51]. These expectation values are twice the
actual values of the total energy correction to the second order
in SOC [6, 52].

3. Results

3.1. Electronic,magnetic, and crystal structures

The full Heusler compound,Co2CrAl crystallizes in L21 struc-
ture (see figure 1(c)), with equilibrium lattice parameter of
5.728 Å, and is half-metallic in bulk geometry, with the
minority-spin band gap of 0.470 eV. The magnetic align-
ment is ferromagnetic, with 3.00 μB/f.u. (≈0.75 μB/Co and
≈1.55 μB/Cr). The integer magnetic moment per formula unit
is consistent with half-metallicity, as all minority-spin states in
the valence band are occupied, which makes their total num-
ber an integer, resulting in an integer total magnetic moment,
because of the integer total valence charge. See reference [31],
and references therein for a more detailed discussion of the
bulk properties of Co2CrAl.

In our recent work, we showed that Co2CrAl exhibits
ground state half-metallicity in thin-film geometry, at CrAl
surface termination, while Co-termination results in reduced
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Figure 1. (a) 64-atom super-cell of thin-film Co2CrAl; (b) top view of the 64-atom super-cell; (c) unit cell of the bulk Co2CrAl. Atoms are
color coded as indicated in the figure. The out-of-plane z-direction is shown in the figure.

Figure 2. Cell-resolved DOS of thin-film Co2CrAl for the 64-atom
cell shown in figure 1(a). Vertical lines indicate the position of the
Fermi level. Positive (black line) and negative (red line) DOS
correspond to majority- and minority-spin states, correspondingly.
The labeling of the cells is consistent with the one shown in
figure 1(a). SP values of each cell are indicated in the figure.

SP, due to the emergence of minority-spin surface states at the
Fermi level [31]. These results are summarized in figure 2,
which shows the calculated cell-resolved density of states
(DOS) for the 64-atom structure shown in figure 1(a). The
labeling of the cells is consistent with the one shown in
figure 1(a), in particular cells 1 and 4 represent the CrAl- and
Co-terminated surfaces, correspondingly, while cells 2 and 3
possess a bulk-like symmetry, i.e. no termination surface. As
one can see from figure 2, cells 2 and 3 exhibit a half-metallic
bulk-like behavior (figures 2(b) and (c)), which is retained at

CrAl-terminated cell 1 (figure 2(a)). At the same time, the half-
metallicity is destroyed at Co-terminated cell 4 (figure 2(d)),
due to the emergence of minority-spin surface states around
Fermi energy. It is to be noted that the optimized in-plane lat-
tice constant of the 64-atomcell is 5.641Å, i.e. slightly smaller
than the corresponding equilibrium bulk value of 5.728 Å.
For a more detailed discussion of the electronic structure of
thin-film Co2CrAl, see reference [31].

3.2. Calculated MAE at equilibrium lattice constant

Figure 3(a) shows calculated atom-resolved MAE of the
64-atom cell (see figure 1(a)) without structural optimization,
at the bulk lattice parameter of 5.728 Å. MAE of Al atoms
is negligible, and is not shown/discussed in the rest of the
paper. Let us first look at the MAE of Co atoms (blue line
and squares). There are 8 atomic layers (in z-direction) in the
cell containing Co, and only one of them has a sizable MAE,
namely the surface layer 16, with around −1.2 meV/Co. This
contribution clearly comes from the surface MCA of cobalt,
and its negative value serves as an indication of in-plane mag-
netization orientation.Now, let us look at theMAEof Cr atoms
(red line and circles). There are 8 atomic layers containing
Cr (in z-direction), and the main contribution to MAE comes
from the leftmost and rightmost layers. In particular, the sur-
face layer (numbered 1 in figure 1(a)) has a positive MAE of
around 0.5 meV/Cr, thus indicating out-of-plane magnetiza-
tion orientation. At the same time, at the layer 15, i.e. the one
adjacent to the surface Co layer, the calculated MAE of Cr is
negative (slightly under−0.4 meV/Cr by magnitude), indicat-
ing in-plane magnetization orientation. The negative MAE of
Cr at the layer 15 probably comes from the orbital hybridiza-
tion of Cr with the surface Co layer, which exhibits in-plane
magnetization orientation.

Figure 3(b) shows layer-resolved MAE of the 64-atom cell
(see figure 1(a)) without structural optimization. The number-
ing of the atomic layers is consistent with the one shown in
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Figure 3. (a) Atom-resolved MAE, calculated without structural optimization. Blue line and squares—Co, red line and circles—Cr.
(b) Layer-resolved MAE, calculated without structural optimization. Numbering of the atomic layers is consistent with the one shown in
figure 1(a). Red columns—Cr layers, blue columns—Co layers. As explained in the computational methods section, the reported values are
twice the actual values of the total energy correction to the second order in SOC.

Figure 4. Layer-resolved MAE, calculated at different lattice constants (as indicated on the figure), without structural optimization, i.e. with
the cubic symmetry retained. Numbering of the layers is consistent with the one shown in figure 1(a). Red columns—Cr layers, blue
columns—Co layers. The reported values are twice the actual values of the total energy correction to the second order in SOC.

figure 1(a). Conceptually, although figures 3(a) and (b) con-
tain similar information, figure 3(b) is mostly used for better
visualization. The layer-resolved MAE shown in figure 3(b)
is simply calculated by adding atom-resolved MAE contribu-
tions shown in figure 3(a), i.e. all Cr contributions are multi-
plied by 2, and all Co contributions are multiplied by 4, which
are the numbers of these atoms per layer in our 64-atom super-
cell. Figure 3(b) clearly shows two surface MCAs, one with
in-plane (Co surface) and one with out-of-plane (CrAl surface)
magnetization orientations.

3.3. Calculated MAE under pressure and strain

In our recent work, we showed that the thin-film half-
metallicity of Co2CrAl is retained under a wide range of uni-
form pressure and biaxial strain [31]. In this sub-section, we
look at the effect of pressure and strain on the calculatedMCA
energies of this compound.

Figure 4 shows layer-resolvedMAEof the 64-atomcell (see
figure 1(a)), calculated at different lattice constants (shown in
the figure), without structural optimization, i.e. with the cubic
symmetry retained. Qualitatively, these results are similar
to the ones shown in figure 3(b), i.e. the in-plane magne-
tization orientation of the surface Co layer, and the out-of-
plane magnetization orientation of the surface Cr layer are
retained, while the ‘bulk-like’ layers have negligible contribu-
tion to MAE. The magnitude of the calculated surface MAE
is also not very sensitive to the uniform pressure, except a
small reduction of the surface Co MAE under uniform com-
pression. At the same time, an interesting behavior of the layer
14 MAE (second Co layer from the right surface) should be
noted. At the largest considered compression, it is negative,
indicating in-plane magnetization orientation. But increasing
the lattice parameter results in increase of the layer 14 MAE,
i.e. it becomes less negative, and at around equilibrium
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Figure 5. Layer-resolved MAE, calculated at different lattice constants under biaxial strain, with fixed in-plane lattice parameters (shown in
the figure), and optimized out-of-plane coordinates. Numbering of the atomic layers is consistent with the one shown in figure 1(a). Red
columns—Cr layers, blue columns—Co layers. The reported values are twice the actual values of the total energy correction to the second
order in SOC.

lattice constant it changes sign and further increases with the
uniform expansion of the cell. Although this result is not very
significant for the main conclusions reported in this work, one
possible mechanism responsible for this behavior could be the
change of the hybridization strength between layers 14 and 16,
under uniform pressure. In particular, under compression, the
interlayer distances in z-direction are smaller, and the in-plane
MCA of the layer 14 could be induced by its hybridizationwith
the surface layer 16. This hybridization reduces as the volume
of the cell increases, which may results in a change of the mag-
netization direction of the layer 14. Layers further from the
surface do not exhibit any noticeable correlation with the vol-
ume of the cell, since they can be treated as having bulk-like
properties of a cubic cell, i.e. negligible magnetic anisotropy.

While the (ratherminimal) effect of the uniformpressure on
MCA of Co2CrAl may be an interesting observation, in actual
experimental setup (e.g. in thin-film multilayers), a biaxial
strain is a more realistic scenario. Therefore, next we analyze
the effect of the epitaxial strain on the calculated MAE. This
is done as follows. The in-plane lattice parameters are fixed at
the same values as shown in figure 4, while the out-of-plane
coordinates are optimized. Once the equilibrium geometry is
obtained,MAE is calculated. The results are shown in figure 5.

The main physical consequence of biaxial strain is break-
ing of the cubic symmetry, induced by a tetragonal distortion.
This results in a significant effect on MAE. In particular, as
shown in figure 5, the calculated MAE of the surface Co atom
is strongly reduced by magnitude. At the same time, the cal-
culated MAE of the Co atoms located at the atomic layer 14
is strongly increased by magnitude. The calculated MAE of
Cr at the CrAl surface (atomic layer 1) is similar to the one
calculated without structural optimization (both are around
0.5meV/Cr). At the same time, the Cr atoms positioned next to
the Co surface now exhibit positive MAE. Yet, given a larger
(by magnitude) MAE values of the surface Co atoms, and a

larger content of Co per layer (4 vs 2 atoms), the right surface
(see figure 1(a)) can be still identified as the one with in-plane
magnetization direction.

The most significant difference between the results pre-
sented in figures 4 and 5 is that in figure 5 both compres-
sive and tensile strain result in large MCA energies at the
‘bulk-like’ layers. This results from breaking of the cubic
symmetry, i.e. in addition to the surface MCA, there is also
a significant contribution from tetragonal distortion induced
anisotropy. In particular, while the compressive biaxial strain
results in overall positiveMAEvalues of the ‘bulk-like’ atomic
layers (see figures 5(a) and (b)), the tensile strain leads to neg-
ativeMAE values in the ‘bulk-like’ layers (see figures 5(e) and
(f)). In other words, for c/a > 1 the magnetic moments of the
‘bulk-like’ layers point in z-direction, while for c/a < 1 these
moments are aligned in xy-plane.

4. Discussion and conclusions

The results presented here indicate that CrAl-terminated thin
film Co2CrAl may be very appealing for various spintronic
applications, such as in magnetic tunnel junctions. Yet, for
practical purposes, one needs to consider a few additional
mechanisms not discussed in this work. For example, in mul-
tilayer geometry, the surface and interface MCA may have
different profiles, due to the overlap of the interface orbitals.
Although the role of a substrate may be decisive, these type
of ab initio calculations would require much larger cells, and
are computationally extremely challenging. In addition, the
results reported in this work should be treated as being alloy-
specific, i.e. they cannot be generalized to any Co and/or Cr
terminated surfaces. Indeed, both perpendicular and in-plane
magnetic anisotropies have been reported in the past for thin
film cobalt, or cobalt containing alloys. For example, PMA has
been reported in ultrathin CoFeB layers used as electrodes in
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magnetic tunnel junctions [53, 54], in thin cobalt film grown on
graphene [55], Co films grown on Pt/Ta underlayer [56], etc.
At the same time, in-plane magnetic anisotropy was reported
e.g. in cobalt thin films deposited on GaAs, Si and glass sub-
strates [57]. A transition from PMA to in-plane anisotropy
has been also reported, e.g. in CoFe/MgO/CoFe tunnel junc-
tions, where increasing the Co content in CoFe layer results in
out-of-plane to in-plane magnetization transition [58]. These
arguments need to be taken into account for potential practical
implementations of the presented results.

In addition, based on the presented results, for practical
implementations, where PMA is needed (e.g. for hard magnet
applications), one should consider substrates, which provide
a compressive strain, or good lattice matching with Co2CrAl,
since a large tensile strain may result in a large tetragonal dis-
tortion induced anisotropy in non-interfacial layers, compara-
ble with the surface MCA (see figures 5(e) and (f)), and detri-
mental to PMA. A good candidate could be GaAs (a = 5.650
Å) [59], which provides a close latticematchingwithCo2CrAl,
with a relatively small compressive strain, and therefore could
potentially be used as a substrate for thin-film growth, while
maintaining PMA in CrAl-terminated Co2CrAl. At the same
time, in practice, if this material is grown in a thin-film geom-
etry, its thickness is likely to be much larger than 4 unit cells
reported in this work. For thicker cells, the effect of atomic
relaxations in ‘bulk-like’ cells is going to be relatively small,
and therefore it is plausible to suggest that for realistic imple-
mentations (thicker cells) themain results reported in this work
are mostly dominated by two physical mechanisms, namely
surface MCA, and atomic relaxations at the surface/interface
layers.

In thin films, in addition to surface MCA, one needs to
take into account the magnetostatic energy (shape anisotropy).
In particular, the total anisotropy energy per unit volume,
K is given by K = Km + Ks/d, where Km is the shape
anisotropy energy, d is the film thickness, and Ks is the sur-
face MCA energy [23]. For the considered cell, the latter is
estimated as Ks = 0.25 mJ m−2 per CrAl surface. Assum-
ing symmetrical CrAl-terminated cell, the MAE contribution
to the total anisotropy energy is twice this number, i.e. Ks =
0.5 mJ m−2. The shape anisotropy energymay be estimated as
Km = −

(
1/2

)
μ0M2, where M is the saturation magneti-

zation [60]. The saturation magnetization of Co2CrAl is
3.00 μB/f.u. This results in the shape anisotropy energy,
Km = −0.24× 105 J m−3. To compare this with the surface
MCA energy, one needs to multiply this number by the film
thickness. Assuming a 20 nm thin film, one gets Kmd =
−0.48 mJ m−2. Thus, it appears that for film thicknesses
of 20 nm or less the MCA energy is larger than magneto-
static energy by magnitude, and therefore Co2CrAl with CrAl-
terminated surfaces could exhibit PMA. At the same time, for
thicker films, the contribution of the shape anisotropy may
become decisive,which could result in in-planemagnetization.

Experimental verification of the presented results may
be somewhat challenging (to observe PMA, one needs a
CrAl-terminated film), but not impractical. In particular, half-
metallicity has been experimentally confirmed recently by
Jin et al in a thin film quaternary Heusler alloy CoFeCrAl

[61], which has a chemical composition similar to Co2CrAl.
We therefore hope that our results will stimulate a further
experimental work on this alloy.

In conclusion, we showed from first principles that the
full Heusler compound Co2CrAl may exhibit a robust PMA
with out-of-plane magnetization orientation, along with half-
metallic electronic structure, at CrAl-terminated surface. At
the same time, the Co surface termination not only results
in reduced SP due to the emergence of minority-spin sur-
face states at the Fermi level, but also exhibits in-plane
magnetization orientation. In addition, for films thicker than
20 nm the contribution from magnetic shape anisotropy may
become decisive, resulting in in-plane magnetization ori-
entation. The reported PMA is mainly determined by two
physical mechanisms, namely surface MCA and structural
relaxation (tetragonal distortion). According to our results,
for practical nano-electronics device applications it may be
very desirable to grow this material in thin-film geometry with
CrAl-termination, preferably under compressive strain or at a
good lattice matching with the substrate. We are not aware
of any earlier reports of half-metallic thin-film surfaces with
PMA, and we therefore hope that our results could stimulate
experimental research in this direction.
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